iNTrOduCTiON
The Arctic plays an important and likely increasing role in the global climate system with complex and poorly understood interactions and feedbacks among sea ice, ocean, and atmosphere, the cryosphere-hydrological cycle, and ocean circulation, leading to significant impacts on the global balance of atmospheric greenhouse gases such as CO 2 and methane. Over the last few decades, numerous studies have shown that there are significant warming (ACIA, 2005; Serreze and Francis, 2006) , seasonal sea ice loss (e.g., Maslanik et al., 2007; Wang and Overland, 2009) , and other physical and biological transformations in the terrestrial and marine realms of the Arctic (Wu et al., 2005; McGuire et al., 2006 McGuire et al., , 2009 
. The Arctic
Ocean is also sensitive to atmosphereocean-sea ice forcing and feedbacks and ecosystem transitions associated with warming temperatures and sea ice loss (e.g., Arrigo et al., 2008; Pabi et al., 2008) . Because of these rapid environmental changes, the Arctic marine carbon cycle will likely enter a highly dynamic state in the coming decades, with large uncertainties in the exchange of atmosphere-ocean CO 2 (Anderson and Kaltin, 2001; Bates et al., 2006a; Cai et al., 2010; Jutterström and Anderson, 2010) in response to sea ice loss and other climate-change-induced processes.
Furthermore, the Arctic marine carbon cycle and marine ecosystems are also vulnerable to ocean acidification that results from the uptake of anthropogenic CO 2 from the atmosphere (Orr et al., 2005; Steinacher et al., 2009; Yamamoto-Kawai et al., 2009) .
In this article, we review the present state of knowledge about the Arctic marine carbon cycle, exchanges of CO 2 between the atmosphere and the ocean, and the potential physical and biological processes that influence CO 2 sources and sinks in the PacificOcean-influenced Arctic. To illustrate their potential controls on air-sea CO 2 flux in a changing environment, this review also includes a brief treatment of marine ecosystems and organic carbon cycling in the western Arctic; more comprehensive reviews may be found elsewhere, e.g., Stein and Macdonald, (2004) and Macdonald et al., (2010) 
phYSiCal SeT TiNg OF The WeSTerN arCTiC OCeaN
The relatively small Arctic Ocean, containing 2.6% of the world's ocean area but < 1% of its volume, is almost completely surrounded by landmasses. (Comiso et al., 2008) . Thus, sea ice loss reinforces surface warming due to reduced surface reflectivity and increased heat absorption (Perovich et al., 2007) , which in turn impact Arctic Ocean chemistry and biology.
The expansive coastal seas of the Arctic Ocean (e.g., Barents, Laptev, Kara, East Siberian, Chukchi, and Beaufort Seas) comprise approximately 53% of its total area (Macdonald et al., 2010) Oceanography Strait from the Bering Sea (Coachman et al., 1975; Roach et al., 1995; Woodgate et al., 2005) . The physics and biogeochemistry of the Chukchi Sea is highly influenced by this inflow, and its shelf can be characterized as an "inflow" shelf (Carmack and Wassmann, 2006; . In contrast to the Chukchi Sea, the East Siberian Sea and Beaufort Sea shelves are more influenced by freshwater inputs, exchanges with adjoining shelves, and internal processes (i.e., "interior shelves"; Current (e.g., Weingartner et al., 1998;  Nicholas R. Bates (nick.bates@bios.edu) Generic Shelf Types (Carmack and Wassmann, 2006) e.g., Beaufort Sea and Siberian Seas (Carmack and Wassmann, 2006) , including: "inflow" shelves such as the Chukchi and Barents Seas, "interior" shelves such as the Siberian and Beaufort Seas, and "outflow" shelves (i.e., Canadian archipelago). Nitishinsky et al., 2007 (Cai, 2011) .
River inputs of POC and coastal erosion of terrestrial carbon (containing both refractory and labile organic carbon)
have been estimated at ~ 12 Tg C yr -1 (e.g., Rachold et al., 2004; Macdonald et al., 2010) , at least for the present. Arctic Ocean shelves where nutrients are limited (Cota et al., 1996; Hill and Cota, 2005) . As the foundation for supporting the pelagic/benthic food web, rates of phytoplankton primary production on the Chukchi Sea shelf can be
(e.g., Hameedi, 1978; Cota et al., 1996; Gosselin et al., 1997; Hill and Cota, 2005; Bates et al., 2005a; Mathis et al., 2009; Macdonald et al., 2010) . Sea ice algal communities also contribute substantively to early season primary production (e.g., Legendre et al., 1992; Gosselin et al., 1997) , with springtime production rates in the Chukchi Sea esti- Ocean, a much larger fraction of DOC is produced seasonally compared to POC (e.g., Carlson et al., 1994) .
Elsewhere in the western Arctic, coastal waters of the East Siberian and rates of marine phytoplankton growth (e.g., English, 1961; Wheeler et al., 1996; Gosselin et al., 1997; Moran et al., 1997; Pomeroy, 1997; Anderson et al., 2003) and relatively low vertical export of organic matter to the deep seafloor (e.g., Moran et al., 1997; Wassmann et al., 2004; Honjo et al., 2010 The data are plotted using Ocean data View (Schlitzer, 2005) .
parameters such as dissolved inorganic carbon (DIC), total alkalinity (TA), partial pressure (pCO 2 ) or fugacity of carbon dioxide (f CO 2 ), and pH (Dickson at al., 2007) .
There are numerous physical and biological controls on the marine carbon cycle with complex interactions between them. Arguably, the most important processes include seasonal cooling and warming of surface waters, exchange of carbon with other basins and shelves, phytoplankton primary production, air-sea transfer of CO 2 , sea ice processes, and inputs of freshwater and terrestrial carbon ). At the air-sea interface, sea ice cover has generally been thought to be a barrier to gas exchange, although there may be minor exchanges in leads and diffusion through the ice (e.g., Gosink et al., 1976; Semiletov et al., 2004; Delille et al., 2007; Nagurnyi, 2008) . Recent studies, however, suggest that the exchange of CO 2 through sea ice is much greater than previously thought, with significant release and uptake of CO 2 depending on season and sea ice condition (Rysgaard et al., 2007; Miller et al., 2011; Papakyriakou and Miller, 2011) Cai et al., 2010) . data were collected using a NOaa atlantic Oceanographic and meteorological laboratory (aOml) underway CO 2 system deployed on the icebreaker Xuelong. The pCO 2 system is described in detail by pierrot et al.
(2009). The summer 2008
ChiNare pCO 2 data were collected as a result of collaboration among rik Wanninkhof of NOaa-aOml, uSa; liqi Chen of the Third institute of Oceanography, State Ocean administration, China; and author Wei-Jun Cai. The data are plotted using Ocean data View (Schlitzer, 2005) . similar to the seasonal changes observed in the Barents Sea, for example (Omar et al., 2003 (Omar et al., , 2007 Nakaoka et al., 2006) . 
In the East Siberian and Beaufort
Seas, surface water pCO 2 conditions appear highly variable during the sea ice-free period. In the East Siberian Sea shelf (~ 300-500 µatm), surface waters close to or above atmospheric values have been reported (Semiletov et al., 1999 (Semiletov et al., , 2007 Pipko et al., 2008) , with much higher values near the outflow of the Kolyma River (~ 500 µatm) that drains into the East Siberian Sea shelf (Semiletov et al., 1999 (Semiletov et al., , 2007 .
Furthermore, very high values (~ 500 to ~ 1500 µatm) have been observed in bottom waters of the inner shelf and also in the nearshore bays (e.g., Tiksi
Bay) and estuaries of the East Siberian Sea (Semiletov et al., 1999 (Semiletov et al., , 2007 1990) . The data are plotted using Ocean data View (Schlitzer, 2005) .
194
higher pCO 2 surface waters from the East Siberian Sea with the intermittent Siberian Coastal Current (Weingartner et al., 1999) . In the Beaufort Sea, The data are plotted using Ocean data View (Schlitzer, 2005 between the atmosphere and the ocean is primarily controlled by gas concentration differences between air and sea (i.e., air-sea CO 2 disequilibrium or ΔpCO 2 ) and by turbulence in the lower atmosphere (which is commonly parameterized as a function of wind speed; see Wanninkhof, 1992) . In the earliest study of the inorganic carbon cycle in the Arctic Ocean, Kelley (1970) observed that surface waters in the (Kaltin et al., 2002) , similar to the Barents Sea shelf (Kelley, 1970; Fransson et al., 2001; Kaltin and Anderson, 2005) .
However, in regions of the Chukchi Sea shelf where sea ice cover remained high (> 80%) during the summertime, air-sea CO 2 exchange rates were estimated to be generally low (i.e., ocean uptake of , low compared to other Arctic Ocean shelves (Table 1; Murata and Takizawa, 2003) . In the Canada Basin, the potential uptake or release of waters. Thus, enhanced uptake of CO 2 through sea ice loss (e.g., Bates et al., 2006a; Jutterström and Anderson, 2010) into newly exposed surface waters of the central basin is likely to be a very short-term phenomenon, and surface waters appear to be rapidly equilibrating with the atmosphere (Cai et al., 2010) .
In addition, it should be noted that the 
OCeaN aCidiFiCaTiON impaCTS iN The WeSTerN arCTiC OCeaN
The decrease in seawater pH due to the uptake of anthropogenic CO 2 (Bindoff et al., 2007; Bates, 2007) has been termed to the global balance of CO 2 sinks and sources (Takahashi et al., 2002 (Takahashi et al., , 2009 ).
The Chukchi Sea is a large ocean sink for CO 2 during the brief summertime sea ice-free period and contributes nearly one-third to one-half of the CO 2 sink in the Arctic, with the Barents Sea the other dominant shelf region for air-sea CO 2 exchange. There are, however, localized areas of surface seawater that are highly influenced by sea ice melt and river inputs where the opposite is observed, and these areas are potential sources of CO 2 to the atmosphere (e.g., East Siberian Sea). On the Siberian and Beaufort Sea shelves, river inputs of terrestrial organic carbon contribute to net heterotrophy (e.g., Macdonald et al., 1998; Anderson et al., 2010 Anderson et al., , 2011 and sustained release of CO 2 to the atmosphere on these Arctic "interior" 
